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1 ABSTRACT 
The effect of various tempering methods upon the 
, 
"
11500°? embri ttlement" in AISI 4340 steel was studied using 
.a modi.fied Charpy impact test specimen, X-ray diffraction 
and metallography. 
Transition temperature data revealed that "500°F 
embrittlement" can be minimized by high heating :rates 
and short tempering times. 
No evidence for the £ormation o.f E -iron carbide 
or presence in the microstructure o:f a two-dimensional 
cementite network-·· .. one to two ·,unit cells thiek--could 
be found in the specimens investigated. 
Fracture studies revealed that mixed fractures, 
i.e. intergranular and transgranular, occurred in this 
steel in all the specimens tested, in the transition 
temperature rangeo 
An explanation for "500°F embrittlement" is 
proposed based on formation of a coherent cementite 
precipitate and thin layers of cementite around 
,, 
·austenitic botmdarieso 
.. .,_ 
' ,. 
'r·· 
-~· 
1 
\ 
·~ ... -.... 
: "' 
.; ·,: 
S· 
,: 
,' 
•·,, ' 
., 
:--, 
--~. 
: ...:: 
:•: 
INTRODUCTION 
Fully hardened· and tempered structures are 
.1' 
generally reconnnended for service conditions combining 
a need for high strength, shock re·sistance, low 
operating temperatures or other conditions tending 
to cause brittle fra.ctureo rtn spite' of the 
recognized superiority or tempered martensite, a loss 
in notch toughness is frequently encountered upon 
furnace tempering at 500°F to 600°F in most 
,,:, 
engineering steels. 
This phenomenon, re~erred to as "500° F 
embrittlement", has been investigated by several 
authors (1~4) and associated with transition tYPe 
behavior from ductile to brittle failure. It has 
been related to formation of a network or a two-
dimensional cementite lattice during tempering (5) 
or to the transl tion from the metastable E. -iron 
carbide to the more stable platelet eementite 
form (6-7) o The "500°F embri ttlement" phenomenon is 
of particular significance in the field or high 
strength steels, where an optimum combination of 
streng,:th and toughness· is !'equired. The minimum in 
impact values resulting from tempering at 500°F to 
600°F usually limits tempering treatments to _j 
2 
' .. , ... ;\' .,.~ 
t 
-1 
,, 
~' 
·"'· 
... ~· 
-.. 
. ,,__. 
( 3 
······-·--·~---···-··-··- ... - . 
temperatures outside this range, and thus precludes the 
possibility ot: obtaining maximum yield-stress values. 
It has been shown by Lib sch and Powers ( 8) and 
Lrlbsch and Nakashima ( 9) that rapid heating and short 
tempering cycles characteristic or induction tempering 
avoid the severe loss in notch toughness associated 
with furnace tempering at 500°F t·o 600°F in AISI 3140 
steel. The improvement in notch toughness has been 
\.' 
related by the latter authors to the nucleation.and 
~ growth or cementite in a globular form rather than as 
a platelet one during induction tempering. 
It is the purpose of this study to determine if' 
the improvement in notch toughness properties .obtained 
upon induction tempering of 3140 steel is a 
~f-... • 
characteristic of only that steel or whether the 
-; , .. 
enhancement or properties by induction tempering can 
be obtained in other engineering alloy steels, i.e. 
AISI 4340. In addit~on, it appears desirable to study 
the effect of intermediate heating rates, such as 
those. obtained on tempering in molten baths, upon 
500~F embrittlement, since-induction tempering method 
~ is somewhat limi~ed by the geometrical shi~e or the 
":)::,[", 
specimen being tempered. 
.• 
· .... 
'V. 
.;:: 
,· 
·..:, 
. 
. 
THE EFFECT OF VARIOUS TEMPERING .}mTHODS UPON· 
FRACTURE BEHAVIOR OF AISI 4340 STEEL 
Experimental Details 
, .• 
· Material and pre;earation of' s~ecimens 
The material used in this study was a commercial 
AISI 4340 steel o:f the foll'owing chemical composition: 
C 
-
0.37 
Cr 
o.Bo 
Mo 
-
0.25 
Prior to specimen preparation, all material Wa?,S- · 
annealed by heating to 1500°F for 2 hours, f'ollowed by ) 
furnace"-cooling at a rate of 20°F/,hr. through the 
transformation temperature rangeo Impact test 
specimens were then ma.chined to··; the special· shape 
shown in Figure 1. but without the notch. 
Prior to hardening, the optimum austenitizing 
,temperature was determined by quenching specimens of 
' 
this material, 5/8 inch in diameter x 1/2 inch long,) 
. .., 
from dirrerent austenitizing temperatures and noting 
the variation of hardness values with austenitizing 
temperature. The data shown in Figure 2 indicate the 
optimum austenitizJng temperature to be 1500°Fo All 
specimens were then hardened by~ dinect · il quench 
' ·'I' -
., """~<"' from ,.1'500°F o Arter quenching, th~y were i ven a sub .. 
zero treatment at -J20°F for 1/2 hr., in; order to 
4 
·' 
I 
J 
\ 
' 
• .·.F 
; 
, 
Ir • . 
minimiz.e the amount of retained austeni te in the 
.' '\.;" (""":. 
structure.· The austenitic gra~n size_ after hardening 
was .ASTM No·. 8. 
One group of impact .. specimens was then: t~mpered 
for one hour ·1n a furnace at vario_~s temperatures 
between 400°F and 600°F, while others were tempered 
in a molten lead-bismuth alloy and by induction 
heating to the same hardness levels. The holding 
time at·the tempering temperature for the lead-
bismuth and induction-tempered specimens was 5 sec. 
·Because of the shorter _ti·mes used in the lead-bismuth 
and induction te~eringS> the temperature to achieve 
.::. 
an equivalent hard~ess was higher than that used for 
furnace tempering. The specimens tempered by 
induction were heated with a Lepel high frequency 
generator, temperature control being achieved by use 
or a chromel-alumel thermocouple whose individual 
elements were percussion-welded to tpe surface of the 
specimen, and a two-position high-speed recorder-
controller described elsewhere (10). All specimens 
(Ii, 
were water cooled from the tempering temperature. 
TabJ.e~,t.l gi~es th~ data 9n the tempering treatments 
'7 
__ ,.~used in this study. The heating rates which were--
observed with the various treatments are shown in 
. -· ~. 
't ··,J, .. 
.. \; 
·•· 
ii 
J ,1 
I 
1: 
I 
... 
'!. 
~:. 
,, 
->.: ., 
',t' 
\ 
y 
•J ___ , 
J 
- . 
Figure 3. They can be summarized as follows: 
Furnace tempering o.6 - l.6°F/sec. 
Lead-Bismuth tempering 10.0 .. J.4.4°F/sec. 
Induction tempering } 280 - 390°F/sec. 
Following the heat treatment, all specimens were 
p~ovided with a standard Izod V-notch. Micro-
hardness measurements after grinding the notch 
showed no detectable effect of the grinding 
operation. It should be noted that the specimens · 
used in this study had a cylindrical shape with 
I small rlats at either end. This shape was chosen to y 
ass,ure uni.form heating duri~g temperingo Otherwise, ,I 
the specimens used were similar to standard V-notch 
Ch.arpy impact specimens with ~aspect to the length 
and notch geometryo 
Testi!1.5 procedure 
6 
r 
Im.pact tests were performed at temperatures 
ranging from +212°F to -320°F, using the standard 
Charpy scale. Dry ice and alcohol or methyl butane 
and liq¢d nitrogen were used to cool the specimens to 
te.~ting temperatures; the specimens being held at the_~ 
" 
- ·1::. 
testing temperature fo:r ·: at least 5 minutes prtf-qr to ~s 
breaki:r1g. The specimen-a tested at temperatures above 
. room temperature were heated in glycerine fo:r ·· at least 
." .i_, .• ;tr ::.i·,.·,.::·,· ... ·_~) 
·1 
,. ? 
,.-,:..,,-.... ,,., . .,-...,.._,-. -..,...,r.·_ .... , ..... ~ _;._ ... _ --A·--
< 
r 
·: ..... ·-" 
.r 
.~ 
~· 
10 minutes prior to breaking. 
Transition temperatl.ll'es were determined in three 
ways: {a) by noting the temperature at which the 
energy absorbed dropped to 7 .o f't. -lbs.; ( b) by · 
selecting the temperature corresponding to one-half 
, 
the sum of the maximum and minimum energy absorbed·; 
7 
and finally, (c) by the temperature corresponding to 
nil ductility (ll)o After impact testing, one part of 
the broken specimen was sectioned perpendicular to the 
axis of' the specimen and the hardness determined at 
five different pointso 
Results and Discussion 
Hardness and ~oom temperature impact ,data 
I 
Results of hardness and room temperature impact 
. . ~ 
tests on hardened specimens of the AISI 4340 steel are 
given in Table 2. Figures 4-7 compare the results 
obtained with ind;uction, molten lead-bismuth, and 
furnace temperingo Figure 4 shows the hardness data 
obtained on tempering plotted as a f'unction of tempering 
temperature. It should be noted that furnace tempered 
specimens show the,lowest hardness values, ioe• the 
decrease in hardness on tempering is time as well as 
temperature dependent. 
' ' 
i ., .• 
. ~. ~ 
' 
"''• 
,; 
:,- ': .:..·· 
. i 
. _,,,, .•. 
"'t'· , j \ '/ 
·-'\ ... 
.( 
.-1:-
8 
.I 
.. It has been shown by many investigat.ors ( 12-13) 
#< ~ that tempering appears to be a rate process, i.e. the 
rate being expressed by an equation of the ro·rm: 
r=A e - Q/RT equation 1 
Figure 5 shows, on a common scale (namely, the 
logarithm of the time-temperature parameter e, as 
derived by Hollomon and Jaffe from equation 1) 1 the 
. 
--~r 
important .·.differences between the various tempering 
treatmentso (~The time-temperature parameters e, were 
calculated, using the relation 
_A . 0 = T (C + loglO t) x 10-3 equation 2 
' 
where T is absolute ··tempering temperature, t is. the 
·time, and C is a constant or the material which was 
-
calculated as a runction of the carbon content of 
the steel, using the Hollomon and Jarfe- (12) relation 
··1 
C = 17.7 - 508 (% carbon) equation 3 
It should be noted that on the plot of loge vs. 
hardpess decrease~ Figure 5, a linear relationship is 
only obs,erved for the specimens which were tempered in 
molten lead-bismuth alloy or furnace tempered and f'or 
.. 
values of e in' excess of 200 No linear relationship 
;. 1' 
-~ '; 
.,, 
·~.,......,.... 
could .. be' fitted to any reasonabl~portion of the data 
~ 
'obtained from the specimens induction temperldo 
.. 
It 
. I., 
. " f ~ 
' 
. 
•.: •• ,a:, 
JI 
fl 
'.111 
•II 
II.I 
' '..1.1· 
I 
,, 
, .. 
'I 
: ~-
-, . ·~. 
.. ,_ 
·, 
~pears possible that the higher heating rates and/or 
shorter soaking· times during induction tempering, 
. " 
. 
9 
'-undoubtedly associated with stress gradients, influence 
· in a different manner the size and distribution o~ 
.-carbides in the steel, and hence the rate process · 
theory as a·ssumed by Jaffe and Hollomon does not hold 
9 for ind~ction tempe~ingo Furthermore, even in the 
case of specimens tempered at lower heating rates• 
. such as those ·obtained in furnace or molten lead, 
\. 
one may note a deviation .from a linear relationship at 
the lower tempering temperatures. 
tJ,1 r 
Figure 6 illustrates the .room temperat~e impact 
.c 
data obtained with the diff'erent tempering treatments: 
furnace, molten lead, and induction. Of greatest 
·1nterest.,perhaps, is the decrease in room temperature 
impact resistance that is evident ror the specimens 
tempered in the furnace and in molten lead at 500°F-
\ 
· 600°F. Such a decrease is not apparent upon induction 
t.empering; rather upon induction tempering, the impact 
.,(1$ 
resistance, increases --.eontinuously with tempering 
temperatureo 
The data of Figure -6 were replotted to compare 
the room temperature resistance for induction, molten 
, 
lead, and furnace tempered specimens at equivalent 
I 
,, 
...... ~.-
~: 
. I 
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hardness levels, with the results shown in Figure 7. 
On this illustration, the vertical lines through each 
data point indicate the estimated reliability of the 
+ . data~ ioe., -1 ft.-lb. 
Transition temperature data 
''500°F embri ttlement" is not always re.fleeted in a 
major change in room temperature impact values. The 
primary e.ffect consists of a displacement o~ the 
transition from due tile to brittle behavio:tt to a 
higher temperature, i.e. an increase in transition 
temperature •... For this reason, a series of impact 
,...,_, 
specimens were tempered by all three methods to a 
number of different hardness levels, as noted in 
Table 3, and then tested over a range o:f temperatures 
to determine the transition temperature. 
. ' 
Transit-ion temperature was fo,md :for all series 
tempered in the 590°F embrittlement range" .1e 
transitiop from ductile to brittle t"S7"Pe of rracture 
taking P.lace over a 11:irge temperature range. as 
indicate~ by the impact energy vso · temperature curves 
shown in Figures 8, 90 10, 11, and 12 ~or 
eqµivalent hardness levelso In spite· of the1. .. ,.~all 
VB.I1iation in room temperature impact resistance 
. shown in Figtire s 6 and 7" the data shown in Figures 
8~13 reveal.that the induction tempered specimens ·' 
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11 
exhibit a much lower transition ·temperature• particularly 
at a hardness level or 48-52 R, i.e. the region of C 
"500°F embrittlement. 
The transition temperatures determined for the 
series tested are shown in Table 3, using several 
criteria and are plotted in Figures 14, 15, and 16 as 
/ 
a function of hardnesso The most. significant feature 
of' the data is t9e apparent lack of "500°F embrittle-
ment" in the induction tempered specimens. Specimens 
induction tempered do not show an increase in the 
transition temperatures in the 500°F embrittlement 
range; moreover, ·their transition tempe atures are 
120°F to l40°F lower than those of the -urnace tempered 
specimen, depending on the criteria used. However, 
the c.urves representing i:nduction tempered specimens 
in Figures 6 and 7 do exhibit a change in slope :for 
spec.imens tempered to hardness levels associated with 
"500°F embrittlement" in this steel~ indicating some 
tendency for embrittlemento - This tendency is more 
apparent in Figures 14 to 16 where the transition 
temperatures ofcthe specimens just quenched and un-
ten11Jered are also indicated. 
The transition temperature obtained on series 
~ 
• 
o~ specimens tempered in the rurnace or in the molten 
f ,,. 
·-· 
' \ 
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-
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12 
lead~bismuth alloy increases to a sharp maximum upon 
tempering at ··500°F !.'or 1 hour o~ at 650°F for 5 se~ ., 
respectively., It should be note.d that this behavior 
appears to be a characteristic of the specimens 
tempered in the furnace or in the molten lead-bi·smuth 
alloy only. The same trend is obvious regardless of 
. the criterion used for determination of the transition 
temperatureo Although the specimens tempered in 
molten lead-bismuth alloy do exhibit an increase in j 
1· 
transition temperature at hardness levels correspond-
ing to "500°F embrittlement", the increase is 
significantly less than that o~ furnace tempered 
specimens_. 
,,---
It is evident from Figures 14, 15, and 16 that the 
-·-loss in notch toughness associated with n500°F 
embri ttlement" "Can be minimized by induction tempering 
psing rapid heating and short-time cycleso Further-
more, it appears that hardening followed by inductio~ 
I 
tempering,, w.here applicable,, may permit use of steels 
at higher hardness and strength levels in severe 
service •. In the event of odd shapes, tempering in 
the molten lead-bismuth alloy at·heating rates some-
what intermediary between those used in rurnace and 
induction may provide a satisfactory solution, 
although some embrittlement still may be expected. 
·~ ' ---~ 
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In order to ·determine if the use of~ high heating 
rate and/o~ short tempering time conditions the steel 
against embrittlement upon rurther tempering in the 
!' 
embri ttlement .. range, two additional series of specimens 
were prepared in accordance with the procedures 
described previouslyo Af'ter quenching and refrigeration, 
iii 
. . 
one series was induction heated at 800°F fo~ 5 seco and 
.. transferred immediately to a furnace operated at 500°F. 
The other S81f'ies was tempered in the molten lead-
bismuth alloy at 650°F for 5 sec. and then transf'erred 
to a furnace operated at 500°Fo Both series were held 
in the furnace for 1 hour and finally water quenched 
rrom 500°Fo The Charpy energy data for the specimens 
tested are shown in Figures 17 and 18 as a·function of 
testing temperatureo 
The transi~tion temperatures de.termined from 
' 
Figures 17 and 18 are shown in Table 4g and also are 
plotted in Figures 14 to 16 respectively, as a runction 
of hardness. Point A in Figures 14 to 16 is of 
particular importance, since it represents the transition 
temperature of' specimens first tempered by induction at, 
800°F for 5 sec., a tempering characteristic of 
·' 
,# ,·· 
~point (1) in the figures and then furnace temp·ered at 
500°F for 1 hour, a tempering treatment characteristic 
. ( 
'· ,, 
• 
.J' 
I 
I I .. I . 
,l. -'I 
c· , .. 
-~ 
.~: 
{:• 
··.:· 
.of point (2). As indicated• duplex tempering treatment 
\ 
caused little change in hardnesso However, furnace 
tempering arter induction tempering caused considerable 
emb~ittlement, as indicated by an increase of 
, 
approximately l40°F to 155°F in the transition tempera-
ture, depending on the criterion used. The same trend 
is prevalent o.n the specimens tempered in molten lead-
bisniuth alloy at 650°F for 5 sec. and then furnace 
tempe?'ed at 500°F for 1 hour, as it can be seen from 
Figures 14 to 16 (Point B). However, ·the relative 
. increase in transition temperatures for the +atter is 
or order or 10 to 50°F onlyo This is not surprising 
since the specimens tempered in molten lead do 
represent a partially embrittled conditiono 
\..; 
To sum up, one can say that apparently 
·induction tempering, as well. 1 _as tempering in molten 
lead~bismuth does not prevent the steel from 
i'J 
embrittling upon further tempering in the embrittle-
ment range because furnace tempering a.t 500°F caused 
an increase in tr8.nsition temperature. In this 
~ 
respect, the data presented here are in good agreement 
with that obtained by Libsch and Nakashima (9) on 
); 
AISI 3140 steel and represent a general behavior 
rather than a characteristic of only AISI 3140. steel • 
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EFFECTS OF TEMPERING 'JmTHOD UPON 
MICROCONSTITUENTS OR PHASES PRESENT 
In this phase of the program, the objec~~ive has 
been to .find the simplest and most eff'icient method 
for separating and identifying the phases and to 
· study the structural ch_anges caused by the various 
tempering treatments. 
The alloying elements in steel influence the 
constitution in a variety of ways, but their effects 
can be divided into two main categories: solid 
solution formation and compound or carbide formation. 
The rormation of these carbides, nitrides and inter-
metallic compounds may have a profound influence on 
the properties of steelo Therefore, this part of 
. ::I 
the work had two well defined aspects, (a) separation 
of microconstituents; and (b) examination and 
identification ·o~ these microconsti tuents by X-ray 
analysis. 
Separation of ~croconstituents 
The identification of phases in tempered steel 
is subject to we+l known limitationso With suitable 
techniques, however, phases present in exceedingly 
small amounts can be· isolated a·nd identifiedo Three 
c. ·. . ,,,.1:- ",. 
' different methods were used for isolation of micro-
J 
15 
,; :\·. ' I . 
,· l)" 
... 
• I 
-
.. ,..,., 
'l:-
.· .. 
I. 
\ 
I -
, v 
·1.h: 
constituents. 
Electrolyj;ic extraction of carbides 
A number of electrolytic cells and techniques 
' have been described or giscussed elsewhere (14-19), yet 
it appears fro~ the literature and from the author's 
experience that different laboratories tend to find if. 
their individua1 solution to this problem and that no 
one method is far superior to the otherso The type 
··1._. of cell used for isolation of carbides in this 
program is·illustrated in Figure 19. It is similar 
I 
tolt.hat desc~ibed in Reference 18. A small laboratory 
\." D.C. supply unit used with the apparatus was arranged 
to give currents up to 6 amperes at voltages in steps 
or·5 up to JO voltso The current density at the 
specimen surface was in the .order of Oo2 amperes per 
square centimeter. The residues after separation by 
filtration were washed with ethyl alcohol and dried· 
. 
/ 
slowly in a dessicatoro Invariably, the residues 
isolated electrolytically were round to contain a --.. 
. 
certain amount of amorphous carbon, thus confirming 
tpe results of Marion_ and Faivre (19). It was found 
'( ., . ' ? ~. that the tendency of the extracted carbides to 
.)!., (i' 
.decompose to ~orphous carbon and 0( -iron appears to 
increase with increase in current density and with an 
1 .. 
r.•· 
\ .. 
{ 
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.J 
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"' increase in pH (change of the. pH of electrolyte from 
.acidic or neutral to alkaline state). The oxidation 
and decomposition behavior of carbides and the vari·ous 
· elect~olytes employed in this study are summarized in 
-- l I , 
-. Table 5. 
Chemical separation .. 
Attempts to separate the carbide by the Beeghly 
technique ( 20) in whic·h · a solution of bromine and 
methyl acetate is used proved 1m.successful. Filings 
from broken Charpy bars reacted so violently with the 
bromine-methyl acetate solution that the carbides 
~" decomposed to amorphous carbon and ex -irono 
-:?, 
- . . 
.Apparently the ex -iron then reacted· to form FeBr2 
or a complex bromide compound molecule. Absolutely 
no di.f.fraction lines could be detected on the resid1,1es 
obtained by this extraction method. 
Mechanical disintegrat,ion of' bulk material 
Small chips ,.from broken Charpy specimens were 
.. 
cleaned in a solution of 10% sodium hydroxide, then 
washed in hot water, ethyl alcohol and dried. The 
chips were mechanically disintegrated to powder in a 
speci.a.lly prepared, hardened.., groimd and polished tool 
~ - ,i ' 
't-u 
. 
. :-~ 
steel mortar. The m1·-croscopic examination "Of the 
particle obtained on mechanical disintegration 
,.:-, "' 
-··'.."· ,,,.,_, 
:-,. 
I . ..... "~ .. 
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indicated the existence of two distinct particle 
fractions a~ ~hown in Figures 20 and 21. It was found 
that complete separation of phases into the two 
particle fractions was not possible, but partial 
enrichment was obtained during sieving. as indicated 
by X-ray results to be di~cussedo The fraction of 
+250 mesh was found to consist primarily of cx-iron, 
) while the -325 mesh t-raction consisted of a mixture of, 
, 
two phases, namely, <X -iron and cementite. 
X-ray Analysis 
· Procedure 
The identification or the isolated constituents 
was carried out by use of the X-ray powder technique. 
Powder' X-ray photographs were made, using a G.E. XRD-4 
<t . ....._ l 
··.. .-•"' diffraction apparatus., with associated cameras and 
... 
accessorieso Pyrex glass in the form of drawn fibers 
or about 0.005 inch diameter was found to be adequate 
£or spindleso The absorptioni as judged from exposure 
time, was found to be negligible~~ the glass itself 
was found non-diffractingo A rota~.ing spindle technique 
was used with unfiltered Fe raqiation at 45 KV and 8 ma, 
-,: ·f ' 
the exposure time being 6 hours on·a11 films. The 
;, .. · 
film,s arter processing were washed overnight and ailoweq ' ,..·--"'" .. a., ~, 
.. 
to dry i:n still air, 24 hours before me 1asurement. 
,I ' 
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In order t~tl;!_rmine to what extent the tempering 
method af~ects the formation of cementite from the 
supersatu;rated solution of martensite, only those 
~ecimens temperr:rd to the extreme limits of "500~F 
embrittlement" were selected for this study, i.e. 
specimens furnac.e tempered at 500°F/l hr.,, tempered 
in molten lead at 650°F/5 seco, and induction tempered 
at 800°F/5 sec." The X-ray data obtained are summarized 
in Table 6. The observed ·u values are based on an 
-
average measurement of the given· line. 
\,..,,_~--
Discuss,on of results 
Inspection of the X-ray photographs and the 
results shown in Table 6 indicated that mechani.cal 
disintegratioJ and separation ,Qf the bulk materials 
produced r11is with a ·very low level of background 
radiation. It was therefore possible to detect lines 
of very low intensity, especially those occurring at 
small Bragg angleso It was also observed that the 
o<-iron reflections were broadened during cold workfng, 
but other lines., subsequently identified as cementite 
lines, remained relatively distinct. (The ferrite lines 
--~ 
are not shown in tHe tableo) 
It can be concluded, therefore, that· no decomposi'tion " 
of cementite to amorphous carbon and oc-iron;occurred ., 
·1 
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during mechanical separationo In contrast to these 
results, X-ray specimens prepared by the electrolytic 
extraction technique invariably yielded X-ray photographs ( 
with a rairly high ievel of background. Thus, 
dif£raction lines of low ·intensities, especially those 
- at low angles, were imdetectable. 
As mentioned above~ it was found that all of the ,·;. 
-~ 
diffraction lines which were observed could be indexed 
on the··-basis of'· a c·ementite unit cello Unfortllll.ately, 
it is not possible to determine miequivocably from these 
.. results whether this indexing provides the complete 
answer to the patterns or whether E. -iron carbide is 
also present. The matter is further c omplic a te·d by the 
mere fact that Hagg carbide Fe20c9 would give a large 
number of lines with approximately the sam~ intensity 
and position as the cementite lines if present. How-
ever., since the line in the Hagg carbide with d = 1.915, 
which represents a strong reflection. did not show up, 
it can be assumed that mainly cementi te Fe3c is ' . 
preeipitatedo 
Lement et alo (21-22) have publish~d electron 
--
' 
mi~rographs of rot~ shadowed replicas taken from 
,I(,, 
~, iron-carbon alloys (Oo39% and lo43~ C) tempered around 
.,,.. 
J00°F to 600°Fo These auth'ors cal'imed that their 
micrographs showed evidence for E. -.iron carbide 
-··,i 
. .,,. 
' . 
. ,) 
' 
~ .. 
~: 
21 
"films" on networks of 0.1 to lf- in thickness~ however, 
the effect of their rotary shawdowi:ng technique is 
rather uncertain and the identi.fication of their films 
'\ 
seem to be questionable in view of the X-ray data of 
.. 
Nygren (23) taken· on the same alloy specimens. 
' 
Furthermore, the latter investigator was unaole to 
extract and isolate electrolytically E -iron carbide 
. 
residues from the bulk material, although according.to 
..t 
Lementts calculation approximately lo79% and lJ.0% 
respectively E -iron carbide would have been present 
in the tempered specimens at the end of' the first 
stage of temperingo 
One feature of the dif.fraction d·ata obtained 
which should be noted particularly is the gradual 
inepease of intensity of the eementite lines with the 
change in tempering methop, ioeo from :rurnace to 
induction tempering. In'this connection, it should 
be noted that the position of' dif'fraction· lines o:f 
l 
cementite remain practically unchanged but their 
intensities are increased; thus, the present 
difrraction\data on cementite confirm the finding of 
Marion ( 19·) and Isaichev ( 24) o 
~ ·• ,. 
It ·is worth mentioning hepa.-that Jack (5) on 
f" 
tempering a high carbon mar,tensi tic steel around 500°F 
\. 
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r-'Z-
o b served a spect:rum whic1i he attributed to a two- ·· 
·· dimensional cementi te lattice ~;,:,which the Laue 
conditions for X-ray reflection are fulrilled only 
• 
• I 
in directions parallel to the (001) planes ·or the 
... 
lattice and are r~laxed in the [001] direction, 
·, 
i.e. in the direction perpendicular to the (001) 
•'!i planes. Furthermore, he concluded that the mean 
diameter of the cemeritite platelet was of the order 
\ 
of 20 to 50 unit cells and the thickness along~the 
~--
C-axis one to two 1mit cell.s. However, the fact 
~-that certain diffraction lines of indices othe~ than 
( h, k·, o) are pre sent 
1
in the c ementi te spectrum of 
the specimens studied here, e.g. the 
(112) - (221} -- (321) - (021) reflections, suggests 
formation of a three-dimensional cementite lattice 
rather than a two-dimensional cementite l~ttice. 
,These data indicate that regardless of the tempering 
method· used, -¢hree-dimensional eementite is probably 
. the only. carbide formed on tempering the Aiu~I 4340 
_steel from 400 to 960°F. 
It is therefore tentatively concluded that the 
"50b°F embrittiement" phenomeno~~:_is not connected 
'.. 
"f-~-·-
_,. 
·, 
.. , 
' 
-,With the presence in the m.icrostructure of a two-
,, 
., . 
dimensiona~ cementite network or with the transition 
,l 
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from E -iron carbide to platelet cementite. The 
proposed mechanism ot .rack (5) and Lement et al. (7,22) 
·, by which martensite decomposes to c -iron carbide and 
-
by· which . c" .. 1ron carbide then transforms to two-
-~ 
dimensional and finally to three-dimensional cementite 
represent a very simplified image of'a much more 
complex phenomenon. Nei trfe:r Sigemaro (27) nor 
Neygren ( 23) mr Jack (5) we~e able-- to isolate the 
E -iron rrom bulk material. All their diffraction 
__ , 
data were obtained either from carburized thin iron 
films or powder~. 
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MICROSCOPIC FRACTURE STUDIES 
It is well known that brittleness revealed by 
the impact test may have .entirely different structural 
origins in the steel and yet look the same, not only 
-~ in the energy absorbed in breaking but also to a 
deg~ee in the macroscopic appearance of the 
fractureso Tempered ma.rtensite has e. -yery uniform 
microstructure, but the appearance of' impact 
/ 
fractures i~ this structural state may vary 
. 
significantlyo With the exception of tempe~-
~- ' 
~ -ea_ 
"'\, 
·, 
emb~ittled martensite, little. is known of the. 
fracture behavior of specimens tempered in the 
"500°F embrittlement" range. In view of this, 
impact fractures of Charpy V-notch specimens tempered 
in furnace, molten lead or by induction in the 
region or "500~F embrittlement were examined micro-
scopically after testing. 
! A typical fracture surface is shown in 
Figure 22 o It was observed ~ .. that all specimens 
tested in the transition tempe~ature range or 
above developed a "river" type of fracture in the· 
~ 
tension· region .of' the specimen. In the. compression. 
v, 
. ~J 
~z~ .. ~:Jregion or the specimen ~the fracture was p~edominantly 
of a transgranula.r cleavage type" 
,. 
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. Due to the difficUlties in adequately showing 
the type of fracture encoim.tered through the use of low 
magnification photography, specimens were nickel-· 
plated to preserve.the fracture sur~ace and subsequently 
sectioned perpendicular to the fracture ,:·surface, i.e. 
i. 
., -~ 
sectioned along the line A--A, and examlned at ., .. 
magnifications of 5oox. Polishing and etching of the 
surface· normal to the fracture provided: a· fracttire" 
-prorile in conjunction with the fracture path. All 
{-
the observations for fracture behavior were limited to 
the specimens which were tempered in "500° F embrittle-
ment" range. Photo micrographs of the fractured 
specimens shown in Figures 23, 25,·27, 29, 31, 33, 
·, I 
and ·1n Figures 24, 26, 28, 30, 32, 34 reveal th.at there 
are no marked differences in fracture behavior with 
respect to prior austenitic grain boundaries between 
the rurnace molten-lead and induction-tempered 
specimens. All show a mixture of intergranula.r and 
transgranular fracture. 
Several investigators in the past (1~ 28, 29) 
·- have reporte·d that the notched bar impact fractures 
of coarse-grained medium carbon low alloy steels 
... 
..... , 
..Jo... I(• 
· , tempere~ at 500°F are pr~dominantly intergranular,· 
.. i.eo brittle. failure occurring more readily along 
prior austeriitic grain. boi.mdaries. However, as the 
"·· ,· 
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prior austenitic grain size becomes smalle:r there is a 
tendency for £racture to become transgranular. In 
this respect the present data confirm the findings of 
Libsch's Nakashima.(9). 
Figures 25, 26, 29, 30, 33 and 34 illustrate the 
characteristic re·atures of .fracture .path with 
respect to the prior austenitic grain boundari~s. 
The micrographs were o6tained on the same specimens 
. 
after they were temper embrittled at 1000°F for 
6 hours, in orde·~ to reveal more clearly the as-
"' 
austenitized grain boundaries. Upon etchJng with· 
/ 
r 
zephiran chloride reagent, the prior austenite grain 
boundaries were clearly delineated and the paths or 
"· 
fracture with.respect to this feature of microstrueture 
• 
become evident. Of course, as the temper embrittle-
ment took place after the specimen was broken, it had 
nothing to do with the nature of fracture. 
In addition the tiny zig-zag edges of fractures 
along what were apparently martensite plates at the 
time of rracture should be noted (Figures 23, 24; 27, 
28, 31·, 32). The fact that this f'ra.cture feature 
appears to be present in all specimens tested may 
indicate that regardless of tempering methqd used 
r -~~ 
the f'rac ture initiated at the marten·si te boundari.e s. 
/ However, the .fracture co,tl.d then propagate along 
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'' any of' the former austenitic bo1mdaries if the 
austeni tic boim.daries have .. on the average highe:r inter-
facial energy than the martensitic boundaries~ithin 
the auste.nitic ··grains or if the austenitie boundaries 
' 
coincide with the martensitic bouridaries. The 
;:. 
fracture behavior of tmtenwered specimen, i.e. in the 
(,~ ~ 
as-quenched condition, where the same characteristic 
fracture features could be observed ( Figures 35 and 
\. 
·36) ·appear·to support the viewpoint that the 
austenitic boundary does have on the average higher 
interracial energy. 
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' GENERAL DISCUSSION 
U'b.e results obtained in the present work may be 
explained on the basis of: a hypothesis that "500°F 
embrittlement" phenom~non is a two-stage process • ., -
- ! 
In the first stage a two phase system of: O<'-Fe 
.!, 
and cementite is formed in which these phases are 
strained into precise atomic registry or coherency. 
" 
The coherent eementite precipitate with its surround-
ing field of strained matrix offers a greater 
·resistance· to slip than an incoherent dispersed 
precipitate, thereby increasing the tendency for 
brittle failureo Furnace tempering around 500°F 
\ 
\c 1· 
appears to promote such a state of affairs. As ·the 
particle size of cementite inc~eases,r the coherency 
stresses at the 
.,. 
0(-Fe and cementite interface also ) 
j increase and when they exceed a critical value the 
ft , 
cementite particle breaks away from matrix.as a 
dispersed phase. The fact that the tempering at 
I 
higher temperatures in furnace, ioe• tempering at 
600°F causes a decrease in the transition temperature 
,! 
of the specimen tested appears to support this view-
point. 
~ 
Furthermore, it seems reasonable ,that external 
) 
, . 
. 7 ... 
stress g:r,adients developed during induction temper,ing--
. ' 
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as a·eonsequenee of the fast heating rates--as well as 
the high tempering temperatures required to obtain 
hardness values on the order of 50 Re promote the 
formation of an inc,oher~nt dispersed precipitate of 
cementite directly, bence nrl:1nimizing the tendency for 
~~ 
""··· 
embri ttlement. 7 
i 
/ 
r---,..._ 
\ --
,. 
. The second stage of "500°F embrittlement" 
involves the growth and the coalescence of these 
--· ;,,.; \ .. 
:~ 
incoherent dispersed cementite precipitate to a 
network of eementi te thin layers at the former· 
l 
austeni tic,. grain boundarie.s and/or martensi te-ferri te 
int~rfaces producing a constraint to plastic flow of 
"' 
the ductile phase by the brittle one, hence again 
increasing the te~dency for brittle failure. The low 
transition temperatures observed on all-series of' 
specimens induction tempered and tested in impact as 
. ,.. 
,· 
well as, the :ract that induction terirpering does not 
condition the steel against embrittlement upon furthe~ 
tempering in embri ttlement range appears to ·,"support 
\ 
this viewpoint. 
Unf'ortunately, there are several pieces~of 
information to be de~ire~. 
/ 
·p~rhaps the most 
. . .... .-
imp.ortant · is· the detection of' a. truly coherent form 
""" 
of the oementite carbide. 
\ 
It should be pointed out 
.', 
that some of the f'avorite techniques which -are 
.. } .. • 
,·,, 
'\ 
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currently being used to prepare samples for diffraction 
', 
studie.s are wholly inadequate for detecting coherent 
precipitatee Since coherency depends upon the 
,9 
constraining effect of the matrix surrounding the 
~recipitated _particle,. then any technique in which the 
matrix is removed wholly or in part would al·ter the 
J 
s·tate of strain in the precip·itateo ~ Thus extraction 
techniques for X-ray studies and relief etching 
l'i 
-
technique··"· for electron diffraction studies cannot be 
-·regarded as reliable in revealing the character and 
behavior of cqherent cementi te precipitate. 
\ 
· Some indirect evidence for the coherency of 
1 
r cementite precipitate could be found, however, in the 
fact that the residues isolated electrolytically from 
the specimens tempered around 500°F in furnace contained 
·\~ the largest amount of amorphous c~bon.o If the 
austenitic grain bo1.mdarie~:r·-·on, the average possess 
••• 
" 
/' 
' higher interfacial energy than the martensitic 
( 
boundaries within the austenit.ic grains a faster 
build-up of detrimental cementite thin layers may 
occur along the a.ustenitic ·ooundaries than in the case 
, 
/'' 
of martensite boundaries lying wtthin the austen!tic 
.sra+ms~ Whether the "500°F- embri ttl,eme.nt" in its 
' 
second stage is actually due to presence of-~ thin 
.. . .. '' l 
I 
ferritic network as po'st.ulated by_ the Klinger et, al. (30) 
., --
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to adjoin the precipitated,cementite ~t these 
boundaries or to the cementite thin layer itself is 
I 
an open question. Conceivably the observed brittleness 
j 
may be due to contributions from the both e~fects. 
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SUMMARY AND C,ONCL USI ONS · \ 
While "500°F embrittlement" has, been recognizing 
as an important deterrent in the use of steels at high 
. 
-
.strength levels the concern has been related primarily 
,, 
to room-temperature im,pact data. The transition . / 
temperature data presented in this paper as well as 
those presented by llinger et al.. (30) emphasize the. 
--
. .~ 
marked loss in .Jiotch. toughness which may occur under 
. 
severe service condi t.ions when the steels are 
temperej. in the "500°F embrittlement" range eve11t if. 
the lo.ss in room temperature impact resistance is 
., 
-small,,t_ Apparently rapid heating and short tempering ~ ' 
cycles characteristic of induction te_JPPering avoid 
the loss in notch toughness assoc~ed with "500°F 
embrittlement". In the event of odd shapes temperi:pg 
..... in molten lead-bismuth alloy at heating rates some-
what int~rmediate between .. those used in furnace and ., " 
induction may provide a satisfactory solution, although 
some embri ttlement mayc_still occur. Nevertheless, 
neither induction tempering mor tempering in molten 
l~ad-bisl1Illth alloy does pnevent the steel from 
embrittling upon f'urther tempering in the embrittle-
' ' 
ment range bec·ause furnace tempering at ,500°F caused 
---'I ) 
an incre~se in transition temperature. 
... 32 
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There are no marked differences in fracture 
behavior with respect to prior austenitic grain 
, . 
boundaries between the furnace~ molten-lead and 
induction tempered,specimen~ if the steel possesses 
a fine austenitic grain size, ··1.eo if the ASTM 
~G.S. is on the order of 8. All these specimens 
,, 
;<'-· 1· 
.; 
showed a mixture of intergramular and .tra.ns-
granular fracture. 
An attempt has been made ·to explain "500°F 
. , 
embrittlement" on the basis of past knowledge and 
the experimental data obtained, and a mechanism 
for "500°F embrittlement" phenomenon has been./ 
proposed. 
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T4BI,E 2. RESULTS OF HARDHESS\um ROOM TEMPgRATURE IMPACT .TESTS FOR 
ilSI 4.340 STKEL SPBCIMEHS TEMPERED BY VARIOUS TEMPERING METHODS 
--
Te111>er-
... J.ng 
' Temp. 41 
llllch. 
, Op 
' Props. Temp./ JOO 400 4SO soo sso sas 600 6SO 68S 700 740 740 800 
\ Method 
--
' 
l 2 3 4 5 6 7 8 9 10 11 12 13 14 lS 
-
ATei-e.ge 
~e 55.4 52.B .. ft2.l. 50.5 49.5 
-
48.8 47.4 
-
46.0 
-
44.6 43.6 > 
-Hardneaa I 
0 
Re .. 
C• 
- Molten J 
' Lead- 57.1 56.6 55.6 54.6 52.1 51.l 51.6 49.9 48.9 48.8 . 48:.7 .47.7 Bismuth, -
. A.1107 
: 
.. J '\. 
_../,. 
: 
.. . 
Induction 57.5 56.3 ~- 55. E,,· .55.·-2 ·.: 
- • 54.6 .' 5.3 .6 
--
52.a 52.5 
-
50.2 
• 
. 
.. 
Room 
Temperature Furnace 11.0 12.5 10.0 9-•. o. 9.0 
-
10.s 
- -·-
·.11.0 
- -
12.0 Impact ·. 
< Resistance 
... Ft.-lbs. .. 
: r' 
, .. Molten 
--Lead-
. 9.0 13.0 9.5 10.0 10.0 li0,.;5 10.5 12.0 Bismuth ·- - - - -~ -· A1lo7 
: 
.. Induction B.5 9.0 10.0 10.0 11.5. 11.0 11.5 - - - - - -
' 
.. 
<. 
,, 
900 90S· 960 
·-
16 17 18 
' 
-1 
~
4i0.8 
-
-
<[ 
45.9 
- -
· .. ! 
. . . . .. · .. 
-
48.3 46.7 
l/ 
17.0 
- -
~ 
13.5 
- -
-
11.5 13.5 
'· 
I 
' 
1000 1010 
19 20 
37 
-
-
41.~· 
-
: 
- -
' 
21.0 
-
-
1a.o 
, 
' j 
V 
-
14.0 
-
-
.. 
1100 
21 
34.2 
38: •. 0 
--
42.c 
. 
25.c 
22.0 
2).0 
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22 
30.4 
35:.6. 
• 
36.8 
29;0 
21.0 
' 
22.0 
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, ~· 
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. ' TABLE 3. RESULTS OF TRANSITION T~ERATURE TESTS FOR FURNACE, MOLTEN LEAD AND INDUCTION TEMPERED SERIES -
·- ... 
.. · ... 
·~ 
"<,/ Furnace Tempered at Tempered in M:>1ten Lead- I.nduction Tempered at 
: Transition Bismuth Alloy at 
• Temperature 
., 
•• . 
.. 
•' 
Criterion 
400 450 500 550 ·600· 550 585· 650 685 150 650 740 800 905 
' 
... 
,., 
. "" l 2 3 4 '· . 5 6 7 8 9 10 11 12 13 14 15 . ' . .. .. . .. 
. . 
.,. 
: 
!<~+~) i-118.o -100.0 + 8.'.0 . ~.'. 60~0 -110.0 -110.0 
-
93.0 · .... 60.0 
·-
.. 
80.0 .. 85.0 .133.0 -135.0 -123.0 -135.0 
~ , 
·' 
.. 
.. 
: 
.. 
.r ' . 
/ . 
.. 
,g,· 
. 
·-;;· 
.. 
_1.·· At 7.,0 Ft.-lba. Energy 
• 
... 133.0 90.0 +15.0 45.0 ..;113.0 ..,. .. 93.0 
-103.0 53.0 85 85 
-140.0. ~145.'0· . ~138.0 -150.0 
Level 
- -
- - -I V 
i 
' 7":. 
,• 
'-
Nil Ductility T?-ansition 
Temperature -180.0 -165.0 -80~'0 -128.0 .178.0 -160 -138.C -110.C -130.c -140.( -205.0 -210.0 -200.0 -198.o 
. 
i 
,: /' 
I 
I , 
... 
Hardness Re 52.B 52.1 50.5 49.5 48.8 52.1 51.8 49-9 48.9 4e.1 53.6 52.5 50.2 48.3 
I 
\ 
I Un-
temp. 
960 
16 17 
-100 .• 0 
-15 
' 
-135.0 +60 
-210.0 +50 -,i 
·' 
46.7 58 
., 
() 
... 
. -
' 
; 
\ 
- \ ; 
I 
l 
l 
i 
~'; 
i 
i 
( 
i 
i 
fi--· 
.. .,_· 
. ./. ,· 
. ····-.--.a.--.. - ... ,_,. ___ ,..,. ........ -~·'-··~-'-·····,""""' .,. ·-··- ... ~. 
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TABLE 4\--,. RESULTS OF TRA:rfSITION TEMPERATURE 
TESTS FOR THE SERIES .DUPLEX HEAT TREATED 
I Induction Tempe~ed Tempered in Molten Lead-T:ransi tion at 800°F/5 sec+ : Bismuth Alloy at 650°F/ Temperature · Furnace Tempered at· .. ··5 sec + Furnace Tempered Criterion 500°F for at 500°F for 
-
_ii 0 60 min 0 60 min 
.. -·· 
l ~ 
2(~+Emin) -123 +33 -60 
-13 
... 
-
,,, At 7o0 
-138 
-15 \_.53 
-50 fto=lbs~ 
energy load 
- ... h .. 
' Nil 
-200 -60 l 
-110 
-80 Ductility 
·Te Te ~ 
. 
Hardness 50.2 49.2 49.9 48.o RC 
.. "" 
.,. 
., 
'-'':' .... 
1 
_J. .• ·- -· - -
---~--- -------~---
""· 
\ . 
,· 
/ ( 
. , 
. " 
s 
·~-
.~ 
Composition ot 
El.ectrolyte 
1 
1i SodJ.um Ch1oride 
· 5~ Sodium Citrate 
1D both 
coq,artmenta 
"\ 
5~ BCl in A1cohol 
in anode compart-· 
ment 
5~ Sodium Citrate 
1~ Potassium Brand.de 
in cathode 
compartment ~ .1 
l!C BCl - , 
2S~ Pe:ri-1.o Chloride 
1D Alcohol 1D 
·both compartment• 
TABLE 5. 
Type o~ 
Cell 
2 
Open 
Ceil1 
Open 
ce11 
Open 
oe11 
THE CHARACTERISTICS OF THE TYPES OP ELF.X:TROLrI'ES IllVES'l'mATED 
Advantage 
3 
Can give separation of medium 
size particles on platelet and 
can be used when it is 
.necessary to pz-event oxidation 
or unstable particle. 
Ho p1tt1Dg or &Ul'face ocoura 
during electrol7sia. M1n1.mum 
amo.\Dlt or .tine particle loat. 
.l la:rge amount or rea14ue ~ be obta1ned with one solution. 
The comp@@ition of electrolyte 
doe• not change 4rut1ea117 
during the proceaa. 
" 
4 
Large quantities of electrolyte 
reqldred because or chaJOge in 
electrolyte concent~ati@~. 
Long ti.J:n9 to give ouffiei0nt 
residues fo~ eh3m:ieal o.noJ.ysia. 
Fine pa.rtic1Q8 or F<D3C UOC0liip0S8 
to amorphoua Ot:lJfboilo If a 
copper cathode is used~ coppe:r 
may deposit on i-esidue un1eae 
precaution taken. 
T,1 mi ted amount of :re a1.due 
obtained 1n all.ovable time. 
Limited amount o~ oemantite ~ decOJll>oaea to UI01"phoua oai-bon. 
·-.... 
Soma .ttne partj.c1•a&7 be loat. 
IIJ'd,rol7aia or omillnt1te oooura. 
V 
Rema:rka 
Use or pert'orate@ ilfOD 
thin foil im. th® eo.thode 
compartmsnt ""to prevant 
migration o~ eoppe~ ions 
to the anode compartment. 
same ae aboTe 
Iron lona reao••4 at 
oathod• are oontilmoval7 
Nplaoe4 b7 anodic 
aollltton. 
i 
i 
l 
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TABiaE 6. X-RAY DIFFRACTION DA.TA •. 
PeK°' LINES ON RESIDUES SEPARATED FROM CBARPY BARS 
°Indices Furna.ce Tempe:red at 500°F/ Tempered 1n Molten Lead at Induction Tel11). 
//• 
Cement1te 1 hr. W.Q. 650°F/Sec. at 800°F/5 Seo. ~ r 
.,._ 
;. 
Mechanic all.y E1ec trol.ytic all J Mechanically E1ecti-o~t1ca11y Mechan1ca11y El.ec tral1't1 oally I 
Separated Iso1ated Separated Isolated. Separated Isolated do / ItHt I4Ht* ' 
calo. calo. obs. 
' 7 doba I dobs · 1oba doba Ioba dobs 1 oba 4oba 1obs 1oba 4 oba 
obs I 
~· .. 
I 
' 1 2 3 4, 5 6 7 8 9 10 11 12 13 14 15 16 " 010 4.874 , ~sp . -
-
4.862 m.ap 
-
- 4.ass • - - s.011 
- • 100 4.472 wsp 
- -
4.492 ; :map 
- -
4.507 m 
- -
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-
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C 
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-
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/ 
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I 
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" 
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021) ' 
-
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2.2se 1600 • 
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"" - - 2.141 'ftf 
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2.140 
-
YII 
121 2.097 vd 2.095 vd 2.096 Ill 
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-
- - - - - - - - -
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211 , 
- - 1.969 vnrd 
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,_ 
vvwd 1.869 vvv 
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Table 6. X-ray Dirrraction Data (cont'd) 
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1 
221 
Ol.4) 
203) 
130 
104) 
123) 
222) 
JOO) 
31~ 
302 
,m~ 
231) 
312) 
133 
~gii 
400) 
.330) 
3~) 
5~l 
~ 
402 
·. 412 
~ 
2 
l~.637 vwd 
r 1.616 · vwd 
,. 
1.sa1 
1.575 
1.493 
-
-
vwd 
vn,d 
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-
-. 
- -
- -
1.292 YVd 
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-
- -
-
-., 
4 
-
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-
-
·-
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-
-
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1.129 
-
-
-
-
ocalculated .trom lattioe constants 
w. Hume~ Rothery et a1. (25) 
--o-oP.rom Ao Westgren x-zaav Data ( 26) 
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1.091 
-
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CHH>From Sige~ Nog~a. ~ Eleoti-on D1f1~act1on Data (27) 
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The meaning of symbols used in de~cribing the observed intena1t~ o~ 
cementits line's :to as .foll.owe: 
~=very V0'if'Y weak ms= modG~atalv strong d = dif:f'uae 
v = weak 
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' ;;. 
.. 
e = stJrong 
' t i va = ve:m-y strong 
v" 
, 
" . 
~-
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A. SCHEMATIC OF SINGLE ELECTROLYTIC CELL FOR ISOLATION OF CARBIDES .. · 
... . 
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_A_N_O_D_E_C_O_M_P_A_RT_M_E_N_T __ ---il_~I 1--CATHODE COMPARTMENT 
ANODE 
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SPECIMEN 
-Br FeBr 
~?Br ~ 
· .t,f. + CITRATE IONS 
_,,,, Fe 
-
cS Br COMPLEX f e 
f· SALTS .._ 
Br 
·CARBIDES 
+ + ++ Na,K,Fe 
CATHOOE(Cu) 
/) 
PERFORATED 
tlRON FOIL. \. 
B. PRINCIPLES OF THE ELECTROLYTIC EXTRACTION PROCESS. 
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. FIG.19 APPARATUS FOR ELECTROLYTIC EXTRACTION OF CARBIDES; 
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Figure 20. Fraction of +250 Mesh Pdwder 
Mag. 250 X 
Note the preponderance .of oc-Fe 
Constituent - white. 
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Figur~ 21. Fraction of -325 ·Mesh Powder 
Mag. 3ooox 
Note the mixture of the two micro--
constituents: (a) c,(-Fe - white 
and (b) cementite -~k · 
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Figure 21. Fraet1·on .of -325 Mesh Powder 
·Mag. 3ooox 
~ 
Note the m:t.x:ture of the twa micro .. 
constituents: (a) 0(-Fe ~ white 
and ( b) cementi te - dark 
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Figure 22. Typical s~face fracture of 
Charpy V-notch . Specimen Tested in the. 
Transition Temperature Range. Mag. 5X. 
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. '! Fig. 23. Initial Path 
or' AISI 4340 Steel. 2% Picral (500X,). 
of' Fracture 
Etched in 
/ 
,.,, 
•t 
Fig. 24. · Final Path o.f Fracture· 
of AISI 4340 Steel. · Etched in 
2% Picral (500X). i 
.,t' Tempered 1 hour a~t _500°F in f'urrtace and broken at +15°F. The .fracture path consists 
of transgranular cleavage and i ·~tergranular failure, . arrows Nos. 1 and 2 re spec ti vely. Note the tiny zig-zag edges of' .fracture, arrow No. 3, along what were apparently 
martensite plate·s at the time of' f'racture • . 'Hardness level 50/50.5 R • ,. 1-
c 
. , 
• 
-Fig. 25. Initial Path o~ Fracture 
or AISI 4340 St~el. Mag. 500 x. 
( 
.. 
Fig. 26. Final Path . or Fracture 
o:r AISI 4340 .steel. i1ag. 5oox. 
Note the mixed types or iractures, i.eo transgrbul~r and intergranular with 
.respect :to austenite grain boundaries, which occur in specimen tempered for 
·1 hour .at 500°F in furnace. Specimen rractured at +15°F, nickel-plated, then temper embrittled at 1000°F ior 6 hours and cooled slowly to . R.T. rr6m the tempering temperature to reveal prior austenite grain boi.mdaries upon 
etching with zephiran chloride reagent. 
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,Fig. 27. Initial Path 
of' AISI 4340 Steel. 
2% Picral (500X). 
J 
of Fracture 
Etched in 
I 
28. Final Path of Fracture 
AISI 4340 Steel. Etched 
2% Picral (500X). 
- Tempered 5 sec .• . at 650°F in molten lead-bismuth. alloy ~d broken at ·~40°F. The 
fracture path ~ onsists of' transgr-anu.lar cleavage anq intergrailular -railure, 
arrows / No~. land 2 respectively. Note the · tiny ·zig~zag edges of' fracture, 
arrow No., 3, along what were apparently martensite · plates at time o~ . rracture. 
Hardness level ·50750.5 R • 
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Fig. 29. Initial Path of Fracture or AISI 4340 Steelo Mag. 5CfOX. Fig • . 30. Final Path of Fracture · or AISI 4340 steei. Mag. 5oox . 
.. 
Note ~ the mixed type of' .fracturesJJ i.e. tran-sgranular and inter-granular with respect to austenite boundaries, -which occur in specimen tempered for 5 sec. at 650°F i:h molten lead-bismut;t1 alloy. Specimen fra·etured at -40°F, nickel-plated, 'then temper embri ttled at 100·0°F ror 6 hours ·_ and cooled slowly to R. T. from the tempering temperature to . reveal prior r#austeni ~e grain bo11ndarie·s upon etch~ng with zephiran chloride reagent. 
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·,J . Figo 31. Initial Path 
of AI~~ 4340 Steel. 2% Picral (500X). 
of Fracture 
Etched in 
" 
/ 
Fig. 32. Final Path of' Fracture 
or AISI 4340 Steel. Etched tn 2% Picral (500X). 
\. 
' -Induction tempered 5 sec. at 800°F and broken at -140°F. The f'racture ' pa~ consists transgranular cl.eavage and intergranular ~ailure, arrows Nos. 1 and 2 respectively. Note the tiny zig-zag edges of' f'racture, arrow No. 3 1 along what were apparently martensi te plates at time of\ f'racture. Hardness level 50/50~5 R. . 
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Fig. 33. Initial Path or Fracture 
of' AISL~434o ·steel. Mag. 5oox. 
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Fig. 34. Final . Path o·f' Fracture 
or AISI 4340 Steel. Mag. 500X. 
• I Note the mixed type o:f -f,i,actures, ioeo transgranular and inte"rgranular , with 
respect to austenite boundaries,_ which occur in specimen tempered f'or 5 sec. 
~t ,800°F by induction. Specimen f'ractured at -140°F, nickel-plated, then 
.temper embri ttled at ' 1000°F f'or 6 hours and cooled slowly to R. T. f'rom the tempering temperature to reveal prior austenite grain boundaries upon· etching 
with zephir.an chloride re._agent. 
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·Fig. ,.35. Initial Path 
of AISI 4340 -Steel. 
2~ Picral. Mag. 500 
of lF,rac t ure 
Etched ·in 
x. 
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Fig. 36. Final · Path of Fracture 
of AISI 4340 Steel. Etched 
I ,in 2% Picral. , Mag. 5oox. 
G 
. ~ / 
Austenitized 1500°F/1 hr. O.Q., refrigerated .. 320°F/l/2.hr., uhtempered · 
condition and broken -at -45°F. The fi'acture path consists or transgranular 
c1eavage and intergranular ~a11ure along pri9r. austenite grain bo'tllldaries. 
arrows Nos.land 2 respectively. Not~ , the tiny zig-zag adges of: :fracture, 
arrow No~ 3, ·a'lcing what were apparently martensite plates a· the time ~of 
fracture. Hardne.ss leve1 ·58 ,Re. 1 / 
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Diploma in Metallurgical Engineering from the 
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he entered th_e Graduate School of-- Lehigh University· as 
a Research Assistant in the. Departmer1t of Metallurgical 
Engineering. While at Lehigh University, the author· 
was elected to associate membership in the Society of 
# the Sigma Xi • 
..... 
· Membership in societies~ include the American 
6' .. 
. 
,.V• 
.,..,"';~" 
,(•M 
·-,__:...-~~---· i-· .--s-oc-1=---e-i·.....-:y:---~r ...... - <-Jr Me .als a:nd-th8Am0l?iCari I~~U.t~--~f 
Mini~;- Merarr-- ~al and Petroleum Engine~. He is, 
72 
',,.f •. 
·-
u ' 
, .. "": . 
. t· 
' .. 
.. 
I 
....... 
·-~ 
' .. _. 
) 
,•, . 
... .. 
,r 
:·-
,I• 
r; 
.. 
• "·--. I 
• 
,~ .. -
.·/ / 
/ 
.. 
., ... 
l:. 
·1 - ;,}- .... .. 
.. 
. ·,, ... ; .. 
" L 
/ 73 
.. 
a Profe &;rsional Engim.ee~.,//Ptaovince .of Quebec. After 
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receiving his ·Mastfr's De.gree, he is continuing his 
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graduate work at Lehigh leading· towards a Ph.D.· degree 
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